We performed a comparative study of electrical and thermal properties of ZnO-and SnO 2 -based varistor. The electrical properties of commercial ZnO-based varistor are equivalent to that found in SnO 2 -based varistor system. In spite of this, the SnO 2 showed a thermal conductivity higher than commercial samples of ZnO-based varistor, which allied with its simpler microstructure and lower dopant concentration is a remarkable result that point out to the use of this system to compete commercially with ZnO-based varistor devices. 3-7 The main feature of a varistor is that they act as an insulator below the varistor voltage, called breakdown voltage, and conductor thereafter. The nonlinear I-V characteristics of varistors are generated by many double Schottky barriers at the grain-boundary layers, which are essentially formed through the segregation of varistor-forming oxide. Moreover, they possess excellent surge-withstanding capability. Therefore, they have been used as a core element of surge absorbers in electronic circuits and as surge arresters in electric power systems. It is largely accepted that the nonohmic properties of such devices are controlled by the grain-boundary features.
We performed a comparative study of electrical and thermal properties of ZnO-and SnO 2 -based varistor. The electrical properties of commercial ZnO-based varistor are equivalent to that found in SnO 2 -based varistor system. In spite of this, the SnO 2 showed a thermal conductivity higher than commercial samples of ZnO-based varistor, which allied with its simpler microstructure and lower dopant concentration is a remarkable result that point out to the use of this system to compete commercially with ZnO [3] [4] [5] [6] [7] The main feature of a varistor is that they act as an insulator below the varistor voltage, called breakdown voltage, and conductor thereafter. The nonlinear I-V characteristics of varistors are generated by many double Schottky barriers at the grain-boundary layers, which are essentially formed through the segregation of varistor-forming oxide. Moreover, they possess excellent surge-withstanding capability. Therefore, they have been used as a core element of surge absorbers in electronic circuits and as surge arresters in electric power systems. 2 Furthermore, as discussed in earlier reports, [3] [4] [5] [6] [7] [8] [9] dense SnO 2 -based systems present values of nonlinear coefficient (a), breakdown voltage (E b ) and barrier voltage per grain (n b ) equivalent to those of the traditional and commercial ZnO varistor, which make the SnO 2 -based varistor as one of the most promise candidates to compete commercially with ZnO-based varistor.
It is largely accepted that the nonohmic properties of such devices are controlled by the grain-boundary features. 2, [8] [9] [10] However, there is more than one conduction paths among grain boundary, particularly for ZnO 10 that posses an evident bulk intergranular material. Despite of this possibility of several conduction paths throughout the grain boundary, the main one that control the nonohmic properties is believed to be because of double Schottky barrier contacts formed among region closest to the grain-grain contact, which has been proved to be similar in both type of varistor mentioned. 8, 9 The conduction path formed by double Schottky contact is believed to be very sensitive to the oxygen treatment whatever type of varistor involved 9 and is also thermally activated, temperature-sensitive with leakage conduction related to the barrier height. 10 The leakage current further can progressively increase the temperature until device enters in a thermal runway regime. This kind of failure leads to the formation of a hole through the varistor with distinct signs of melting and vaporization and is commonly associated with thermal runway occurring as a consequence of current localization in the dielectric and semiconductor junction among the grains. The conceptual picture is a positive feedback mechanism in which current localization occurs along some path through the microstructure with the higher current density leading to enhanced local Joule heating. Because of resistance of semiconductor decrease with the increase of temperature, the lowered resistance caused by local heating along the localization path favors further current localization. This feedback continues until melting and electrical shorting occurs, causing the failure of the device.
For this reason, it is expected that a good device have more capability of thermal dissipation (a good thermal conductivity) to avoid this thermal runway effect. As obvious consequence, the functionality of the device as a reversible solid-state switches with large-energy-handing capabilities also depend on this feature. Despite of its nonohmic properties equivalent to the ZnObased varistors, there is no data in literature leading to failure characteristics of SnO 2 -based varistor system. Therefore, we have driven a comparative study of thermal conductivity in commercial ZnO-and SnO 2 -based varistors using the laser pulse method. The ZnO-based varistor samples used in this work were obtained from two different commercial manufacturers that will therein after name as ZnO-C1 and ZnO-C2. The SnO 2 -based varistor system was prepared as described elsewhere. [3] [4] [5] [6] [7] [8] [9] For thermal property analysis of the varistor systems it was used the LFA-427 equipment, which directly determines the value of thermal diffusivity. It consists of a laser source, whose pulse impacts the face of the cylindrical sample maintained at a stationary state of temperature, whereas at the opposite face of the sample the increase of temperature as a function of the time is measured by an infrared sensor of worked trigged at the same time of the laser shot.
The samples' microstructure and mean grain size were determined by analyzing the SEM micrographs (ZEISS DSM 940A) using image analysis software (PGT-IMIX). For the electrical measurements, silver contacts were deposited on the samples' surfaces, after which the pellets were heat-treated at 4001C for 30 min. Then, the current-voltage measurements were taken using a high voltage-measuring unit (KEITHLEY Model 237). Figure 1 shows the SEM micrographs of polycrystalline commercial ZnO-and SnO 2 -based ceramics studied here. By this figure, it was confirmed what was already commented in previous paper 8 were determined here by energy dispersive spectroscopy (EDS).
Other minor elements such as Co, Mn, and Cr were also determined in the commercial ZnO-C1 and ZnO-C2. In contrast to the ZnO Á Bi 2 O 3 -based varistor, SnO 2 Á CoObased varistor systems present only one phase with X-ray and EDS stage (attached to SEM) precision. A CoSnO 4 -precipitated phase at the grain boundary is determined only when the EDS stage attached to the high-resolution TEM and electron diffraction is used. 11, 12 The absence of experimental evidence for a eutectic liquid suggests that the densification observed in this system is not associated with liquid-phase sintering and that the sintering of the SnO 2 Á CoO-based system is controlled by solid state diffusion. 11 Other constituents of SnO 2 -based varistors, such as Nb 2 O 5 and Cr 2 O 3 , are present in small concentrations (B0.05 mol%); however, they are sufficient and necessary to render the behavior of this material highly nonlinear. [3] [4] [5] [6] [7] [8] [9] Table I presents the a (nonlinear coefficient), E b (which was defined as the voltage at 1.0 mA/cm 2 ), n b (voltage per barrier) relative density (r r ), and mean grain size values (d) of the systems studied. As can be seen, all the systems display a highly nonohmic behavior. Figure 2 contains the typical room temperature I-V plots, illustrating the differences on the E b values and nonohmic behavior. All the systems present excellent I-V characteristics, as shown on a linear scale in Fig. 2b . It can be clearly seen by this same figure that ZnO-C2 and SnO 2 -based varistor present equivalent values to leakage current when compared each other. However, their values are lower compared with the ZnO-C1. The leakage current was defined here as the current at 0.80 of E b value.
In spite of the microstructure differences, there are no strong differences on the I-V electrical properties of commercial ZnOand SnO 2 -based varistors. However, another difference is found on the thermal conductivities as can be seen in Fig. 3 . This property is very important for stability of the device and its ability to maintain its energy-handling capability as was previously commented. It is important to point out the remarkable difference on the thermal conductivity of SnO 2 -based varistor when it is compared with the other two ZnO commercial samples. On the one hand, as foreseen, taking into account the experimental error, the values of thermal conductivity to ZnO commercial samples can be considered equivalent. On the other hand, the values of thermal conductivity of SnO 2 sample is almost 70% higher than the value found to ZnO commercial samples at lower temperature and almost 85% higher as temperature increase up to 923 K.
Thus, SnO 2 -based varistor system presents several advantages on the commercial ZnO-based varistor. Once the electrical properties are equivalent, other physical properties such as thermal conductivity favor the use of SnO 2 -based varistor. In addiction, the chemical features also favor the application of SnO 2 -based varistor system as commercial device. For instance, the dopants such as Nb 2 O 5 and Cr 2 O 3 are needed in small concentration (B0.05%) which is could be good for cost end also to thermal treatments. In other words, in ZnO the bismuth and spinel phases can have its composition changed by thermal heat during operation causing a thermal damage on the microstructure and on the ZnO-ZnO contact. ZnO varistor have low melt point, which is an advantage to thermal runway stability. For this reason, it is expected that for varistor based on SnO 2 these problems can be minimized because of its higher refractory features. In addiction, the microstructure is simpler compared with the ZnO-based commercial varistor and is also a good point to control the processing of the device.
Our preliminary study on DC accelerated aging stresses on ZnO commercial and SnO 2 samples are point out that SnO 2 devices are more stable that ZnO commercial varistor as foreseen for thermal properties results and will be presented in future works.
In conclusion, we have shown comparative results of physical and chemistry properties of commercial ZnO-and SnO 2 -based varistor. The electrical properties of these devices are equivalent albeit the microstructure and thermal properties favors applicability of SnO 2 -based varistor as a future commercial device to compete with ZnO-based varistor. SnO 2 -based varistor would be adequately for high field devices allied with low dimensions (where the thermal properties are of high importance). 
